Adaptive optics has been used to compensate the detrimental effects of aberrations in a range of high-resolution microscopes. We investigate how backscattered laser illumination can be used as the source for direct wavefront sensing using a pinhole-filtered Shack-Hartmann wavefront sensor. It is found that the sensor produces linear response to input aberrations for a given specimen. The gradient of this response is dependent upon experimental configuration and specimen structure. Cross sensitivity between modes is also observed. The double pass nature of the microscope system leads in general to lower sensitivity to odd-symmetry aberration modes. The results show that there is potential for use of this type of wavefront sensing in microscopes.
Introduction
Optical microscopes are widely used in the biological sciences to image cellular structures and function. Laser scanning methods, such as confocal or multiphoton microscopes, are particularly useful as they provide 3D images of thick specimens. The effectiveness of such microscopes is compromised by specimen-induced aberrations, so adaptive optics has been employed to compensate for these aberrations through the introduction of a conjugate aberration using an adaptive element, such as a deformable mirror (DM) [1] .
Aberrations can be measured either using direct wavefront sensing or indirect sensorless optimization methods. Sensorless optimization uses image information to determine the specimen-induced aberration from a sequence of measurements. This has successfully been demonstrated in several adaptive microscope applications [2, 3] . Recent work has shown that direct wavefront sensing can also be employed. For this to be effective, a method is needed to ensure that only light from the focal region contributes to the aberration measurement. Several implementations have used fluorescence emission for aberration measurement. In two-photon excitation fluorescence microscopes, fluorescence is only generated in the focal spot, which can be used as the source for a wavefront sensor [4, 5] . Another approach involves the placement of small fluorescent beads in the specimen that can act as point sources for wavefronts that are detected by a Shack-Hartmann wavefront sensor (SHWFS) [6, 7] .
For weakly fluorescent or sensitive specimens, it would be desirable to use backscattered illumination light, whose intensity is often orders of magnitude greater than the resulting fluorescence. However, aberrations encountered in backscattered light can depend upon the specimen structure and the resulting measurements can be ambiguous. For example, reflection by a planar mirror in the focus of the microscope would result in a doubling of evensymmetry aberrations, such as astigmatism or spherical aberration, whereas odd-symmetry aberrations, such as coma, are cancelled out [8, 9] . Scattering from isolated point objects would, however, result in the correct detection of aberrations. Intermediatesized objects with dimensions similar to the wavelength would exhibit more complex scattering characteristics.
One method has used backscattered illumination light and coherence gating to ensure that the wavefront sensor only responded to light scattered from the focal region [10] . This approach is only possible with low-coherence illumination and requires a complicated interferometric arrangement. Alternatively, a pinhole can be used to exclude outof-focus light, in a similar way to the pinhole used in a confocal microscope. The pinhole has the additional advantage of smoothing the light field that reaches the wavefront sensor pupil. The size of the pinhole must be carefully chosen to provide a compromise between spatial selectivity and the degree of smoothing. Such an arrangement has been used for fluorescence-based wavefront sensing in a confocal microscope, but not using backscattered illumination light [11, 12] .
In this paper, we expand upon previous preliminary work [13] and present experimental data illustrating the effectiveness of direct sensing using a pinhole-filtered SHWFS for mirror and scattering specimens. The effects of different pinhole sizes on the measured aberrations are determined, as are the effects of different scattering structures. We also investigate the differing sensitivity of the SHWFS to even-and odd-symmetry aberration modes and measurements. This effect, arising from the dual pass nature of the optical system, has been investigated previously for ophthalmic applications, but this is the first detailed investigation of these phenomena in high numerical aperture microscopy [8, 9] . Figure 1 shows a simplified schematic of the wavefront sensing system used for the experimental measurements. Light of wavelength 633 nm from a helium neon laser was expanded by a combination of lenses to form a beam that illuminated the membrane DM (Flexible Optical, Netherlands). The default position of the DM was set at approximately half of its maximum deflection. The illuminating beam was set to be divergent, hence compensating for the DM curvature arising from the default shape of the mirror. The membrane mirror, which allows correction of low-order optical aberrations, has a 15 mm diameter, Al-coated circular mirror membrane, and its 37 electrodes are arranged in a hexagonal structure within a 12 mm diameter circle. Experimentally, it was found that optimum reproduction of Zernike modes was achieved when using around 10 mm diameter active aperture on the DM. Light reflected by the DM was passed through a 4f system and focused by a water immersion objective lens (Zeiss, 63×, 1.2 NA) to probe a specimen that was placed on a piezo scanning stage, which allowed raster scanning of the specimen. Light backscattered from the specimen was collected by the same objective lens, then was incident on the DM once more in the detection path. The light reflected by the DM was coupled off by a beam splitter and passed through a 4f lens system. First, this 4f system served to demagnify the beam so that it can be picked up completely by the CCD camera on the SHWFS (Thorlabs, WFS150, with custom software). Second, it was used to collimate the convergent beam reflected by the DM. Third, the lens system was used to focus the light through a pinhole, which performed the essential tasks of filtering out light from out-of-focus regions and smoothing of the light distribution incident on the SHWFS.
Experimental System
A range of pinholes with different diameters was used. The pinhole excluded out-of-focus light in a similar manner to the pinhole used in a confocal microscope. The effects of the pinhole size on the confocal microscope have been well studied [14, 15] . Optimal axial sectioning is obtained for a vanishingly small pinhole, although pinhole diameters up to around 70% of the first zero of the Airy pattern provide essentially equivalent sectioning with the additional benefit of increased signal. For larger pinhole sizes, the sectioning depth increases in an approximately linear manner. For the pinhole filtered SHWFS, an increase in pinhole size similarly increases the axial depth from which scattered light contributes to the sensor measurement.
In an adaptive microscope, the specimen's refractive index structure would induce similar aberrations in both the illumination and detection paths. In order to simulate specimen-induced aberrations, the DM was used to introduce individual aberration modes simultaneously into both paths. This configuration models very closely the effect of specimens, with the restriction that only aberrations with the capabilities of the DM are included. The control signals required to generate Zernike polynomial modes were obtained through calibration of the system using the SHWFS. Linearized deflection of the mirror surface was achieved by using actuator drive voltages that were proportional to the square root of the control signal [16] . The amplitude of the Zernike modes was swept from −0.6 to 0.6 units, in steps of 0.2 units, where one unit corresponds to a root mean square phase of 1 rad. Higher amplitudes caused the DM electrode voltage to saturate for some modes. As the backscattered light incident on the SHWFS had complex structure like a speckle pattern, scanning and averaging was necessary in order to obtain reliable measurements. For each applied amplitude of the Zernike modes, averaging was achieved, first, via long exposure of the specimen while it was being scanned. Second, several of the resulting pupil images were recorded by the SHWFS camera. The Zernike coefficients were estimated from the averaged pupil image by calculating the centroid of each Hartmann spot and using the least-squares method of Southwell [17] . The exposure time and number of images averaged were selected so as to achieve a uniform pupil intensity at the SHWFS, which in turn produced steady coefficient measurements. In order to illustrate the variability between measurements, several sets of the coefficients were recorded in this way. The multiple readings were used to calculate the mean and standard deviation of the data so as to provide an indication of the repeatability of wavefront sensing for a given scenario.
The effects of scattering in the specimen and spatial filtering by the detector pinhole create dark regions in the pupil that correspond to missing spots in the Hartmann spot pattern. The nonuniform intensity also gives rise to brighter regions in the pupil that may cause saturation of the CCD sensor, which can lead to errors in the calculation of the spot centroid. These missing or corrupted centroid measurements inevitably introduce errors into the wavefront measurements. The control software was programmed to use the reference (i.e., undeflected) spot position where a spot was missing or saturated, yielding a zero local phase gradient.
Measurements for Different Specimen Structures
The system described in the previous section was used to investigate wavefront sensing using backscattered light in different specimens. In this section, we present results illustrating the effectiveness of aberration measurements using a range of specimens, ranging from a specular mirror-like specimen and scattering structures consisting of beads and natural specimens.
It can be easily shown that a specular specimen, such as a mirror, yields twice the induced evensymmetry aberrations and no odd-symmetry aberrations in a dual pass setup, such as the confocal microscope. To demonstrate this phenomenon, a mirror was placed on the stage of the dual pass wavefront sensing system of Fig. 1 . An aperture of 10 mm diameter was illuminated on the DM. The reflected beam was imaged to fill exactly the back aperture of the objective lens. The light reflected back by the mirror specimen and off the DM was demagnified to 4.1 mm diameter to form the input to the SHWFS. As a result, a total of 540 lenslets were illuminated and used by the SHWFS for aberration estimation. Figure 2 shows the measurements made by the SHWFS using the mirror specimen with the introduction of even symmetry aberration modes (astigmatism and spherical) by the DM. A range of pinholes with different diameters was used to provide axial selectivity and smoothing for the SHWFS. The diameter of the aberration-free Airy disc (referred to as the Airy unit) at the position of the SHWFS pinhole was 30.9 μm. For the astigmatism mode, it can be seen that the measurements made with the 200, 300, and 600 μm pinholes were almost identical to the measurements made without a pinhole in place. The measured aberration amplitude was approximately twice that of the induced aberration, as predicted by theory. The asymmetry in these latter plots is due to residual aberrations. For the smaller pinhole sizes of 100 and 50 μm, there was deviation from the ideal measurement. For the spherical aberration mode, the measurements were more sensitive to effects of the pinhole, with the gradient of the response decreasing noticeably as the pinhole diameter was reduced below 600 μm. The deviation of these gradients from the ideal is due to the spatial filtering effect of the pinhole. The spatial filtering caused smoothing of the pupil phase and, for regions with large phase gradient, a reduction in intensity. These dark pupil regions led to missing SHWFS spots which affected the measured aberration. A comparison of this effect for the Z 5 and Z 11 modes is shown in Figs. 3(a) and 3(b) . The greater sensitivity of Z 11 to this phenomenon can be explained by consideration of the phase gradients of the different modes [ Fig. 3(c) ]. In a ray optics approximation, the gradient of the wavefront is proportional to the deflection of the corresponding ray in the focal plane from the optic axis. The larger gradients of the Z 11 mode for a given amplitude mean that more light is filtered by the pinhole and more spots are lost from the SHWFS pattern.
Equivalent measurements were also taken for loworder, odd-symmetry modes, such as coma. In this case, the experimental measurements showed negligible detection of coma with the mirror specimen. This is entirely in agreement with theoretical modelling, which shows that the inversion of symmetry on reflection in the focus causes cancellation of odd aberration modes. A summary of the sensor response gradients to each Zernike mode for the 100 and 300 μm pinholes and with no pinhole is shown in Fig. 4 . This figure (and subsequent figures) shows two quantities for each aberration mode. The first quantity is the sensitivity, denoted ja i;i j and shown as a black bar, which is the gradient of the sensor response to the mode i induced by the DM. The second quantity is the modal crosstalk, denoted jfa i≠k gj and shown as a gray bar, which is the root mean square sum of the other detected aberration coefficients when mode i was induced by the DM. An ideal measurement would therefore correspond to ja i;i j 1 and jfa i≠k gj 0. The ratio ja i;i j∕jfa i≠k gj quantifies the purity of the coefficient measurement.
To test the behavior of the dual pass wavefront sensing system in a scattering sample, a model specimen was created using polystyrene beads of 200 nm diameter. A suitably diluted suspension of distilled water and beads was mixed with powdered gelatin and then allowed to set between a glass slide and a glass coverslip, resulting in the beads being fixed in a three-dimensional distribution. The resulting specimen exhibited significant scattering from the dense arrangement of beads, as illustrated in the confocal microscope image (Fig. 5) . As a large reflection was created by the interface between the glass coverslip and the (water-based) gelatin, it was important to be able to focus several tens of micrometers into the specimen to ensure that the light entering the SHWFS was scattered from the beads. The SHWFS pinhole ensured that only light scattered from near the focal region could contribute significantly to the aberration measurement. Figure 6 shows the response of the SHWFS to even-symmetry aberration modes (Z 5 astigmatism and Z 11 spherical) for the scattering bead specimen. Note that measurements for Z 6 (astigmatism) were also taken and were found to be similar to those obtained for the homologous mode Z 5 . In this case, pinholes of 200, 300, and 600 μm diameter were used. It was observed that the responses to each mode were approximately linear, although the gradient was considerably lower than one in each case. The gradient of the response was also dependent upon the pinhole size and differed between the astigmatism and spherical modes. Figure 6 shows the response of the SHWFS to the odd aberration modes Z 7 (coma) and Z 9 (trefoil) for the scattering bead specimen. Similar results were also obtained for the modes Z 8 and Z 10 , respectively. Again, an approximately linear relationship between the induced and measured aberration was also observed. In these cases, however, the gradient was much smaller than that seen for the even modes. Dependence of the gradient on the pinhole size was also observed. A summary of the sensor response to each Zernike mode for the scattering bead specimen is shown in Fig. 7 . The large degree of crosstalk could be caused by a combination of multiple scattering and the nonpoint-like nature of the 200 nm beads, which would both affect the SHWFS measurements.
A sample of artificial collagen was immersed in water and placed between a cover glass and microscope slide. This was chosen as the matrix of collagen fibrils scatter light in a different manner to beads and so provide a further test of wavefront sensing using light scattered from different specimens. Figure 8 shows a confocal reflection microscope image of the collagen sample, indicating strong scattering. Measurements were taken in the same manner as for the bead specimen. Scanning was performed over a region of approximately 50 μm square. As was observed for the bead specimen, the sensor response to Zernike modes was predominantly linear in all cases, although the gradient was dependent upon the pinhole size and is different between modes. The gradients observed for all modes 5 to 11 are shown in Fig. 9 . As with the bead specimen, the measurements showed that the even aberration modes (i 5, 6) were detected more efficiently than odd modes (i 7 to 10). It was also observed that the sensitivity was in general higher than the corresponding values using the bead specimen.
Further measurements were taken from a specimen of 100 nm diameter gold beads suspended in gelatin. In this case, the specimen was sparsely populated with beads, such that the wavefront measurements were taken by scanning over a single bead. The sensitivity and crosstalk measured for modes 5 to 11 are shown in Fig. 10 . The sensor response for this specimen shows similar characteristics for both the even and odd modes, which should be expected for scattering from point-like objects. This is in contrast to the measurement from the polystyrene beads and collagen, where the response to odd modes was lower. However, the measured coefficients were all lower than those for the induced aberration. The lower sensitivity to mode 11 (spherical) for the larger pinhole is attributed to an anomalous measurement; we note that significant defocus was detected in this case, indicating that an axial displacement of the bead had led to filtering of light illuminating the outer regions of the SHWFS.
Measurements for Different Optical Configurations
The light detected by the SHWFS can be backscattered by various specimen structures, which may provide more accurate measurements than those from larger structures. The separation of scattering from specular reflections should therefore improve the purity of the coefficient measurements. We have investigated two optical configurations to achieve this: asymmetric illumination and detection and polarization filtering.
A. Asymmetric Illumination and Detection
The results presented in previous sections used illumination that filled the full aperture of the objective lens. If the illumination is instead restricted to a smaller NA by underfilling the objective pupil, then specular components of the reflection would be confined to a limited region of the detection pupil. In contrast, scattered light would be distributed across the whole of the detection pupil. Aberration measurements using asymmetric illumination and detection, where the NA of the illumination beam is much lower than the NA of the detection path, might therefore be more sensitive to the scattered light from small objects. This asymmetric dual pass method has been shown in ophthalmic research of the human eye to produce better readings of both even and odd aberration modes [18, 19] . Figure 11 shows results comparing symmetric and asymmetric illumination and detection. The optical system was modified so that the illumination NA was reduced to approximately 0.096, while the detection NA was maintained at 1.2. The response to odd aberration modes (i 7 to 10) is higher for the asymmetric case, whereas the response to the even modes is slightly lower. This corresponds to the expectation that the asymmetric case should yield better sensitivity to odd modes, although the difference in sensitivity is small.
It should be noted that the asymmetric illumination configuration causes the spots at the center of the SH pattern to be saturated. The wavefront reconstruction scheme replaced these saturated measurements with a zero-phase gradient. This approximation would have the effect of reducing the measured coefficients compared to the symmetric case, where there was no saturation.
B. Polarization Filtering
Light reflected by a specular specimen in the focal region of a high NA objective lens will maintain the same polarization state as the illumination. However, when light is scattered by a small object in the focus, a degree of depolarization is introduced [20] . This means, for example, that x-polarized illumination will result in the detection of some y-polarized light upon scattering. This phenomenon suggests that polarization filtering will aid the separation of light reflected from larger objects from the light scattered by small objects, thus avoiding the complications of the double-pass nature of the optical system.
The optical system described above was modified to include an analyzer in the detection path before the pinhole of the filtered SHWFS. The extinction ratio for light measured at the SHWFS was measured as approximately 70 with a mirror specimen. Measurements were again taken using a specimen consisting of 200 nm beads in gelatin. Figures 11(e) and 11(f) show example spot patterns for this configuration. For a stationary specimen, the pupil sees a nonuniform amplitude due to speckle arising from scatter from multiple beads. Following scanning and averaging, the spot pattern forms two bands of more uniform intensity, with a dark central band. This is similar to the averaged intensity distribution found through numerical modelling of the light scattered from a single point object scanned across the focus (not shown). The resulting sensitivity and crosstalk measurements are shown in Figs. 11(g) and 11(h).
The polarization filtered results show greater variation in sensitivity between modes, when compared to the nonfiltered measurements. This is counter to expectations, but may arise from a combination of factors. First, the amount of light available for sensing is much lower in the filtered case (<1% according to theoretical modelling). This means that the measurements are more susceptible to systematic errors due to background from elsewhere in the system. Another limitation arises from the dark pupil region, as seen in Figs. 11(e) and 11(f). In this region, the phase gradient measurements for the missing spots were replaced by a zero value. This has the effect of flattening the aberration in this region, leading to lower coefficient measurements. This reduction is worse for modes whose orientation in the pupil means that high gradients are present in this region (e.g., this affects the coma mode i 8 more than coma mode i 7, as these modes are rotated by 90°with respect to each other).
Biological Specimens
The performance of the filtered SHWFS was also investigated using biological specimens. We present here data from a C. elegans specimen mounted in an aqueous medium. Figure 12 shows a confocal reflection microscope image of the C. elegans sample. Aberration measurements were performed using light scattered back from the specimen's internal structure and filtered by a 600 μm pinhole. Symmetric and asymmetric illumination and polarizationfiltered configurations were used. The compiled measurements of sensitivity and crosstalk for modes 5 to 11 are shown in Fig. 12 . The response to the two coma modes (i 7, 8) was found to be much less sensitive than the other low-order modes in all configurations. Neither asymmetric illumination nor polarization filtering was found to produce significant improvements in performance for this specimen. Indeed, for some modes, the measurement quality was found to decrease.
Discussion and Conclusion
The results show that the characteristics of the pinhole-filtered SHWFS are strongly dependent upon the specimen structure. Both the sensitivity to a given mode and the degree of crosstalk between different modes can vary. However, in many situations, the sensor does measure predominantly the induced mode, albeit with uncertain sensitivity. While this uncertainty precludes the use of this sensor in openloop measurement, the results indicate that this method could be applied in a closed-loop correction routine. If the cross sensitivities between modes (denoted a ik for induced mode i and measured mode k) (a) (b) Fig. 10 . Sensitivity (black) and crosstalk (gray) for Zernike modes 5 to 11 using the gold bead specimen, with (a) 300 μm and (b) 600 μm pinhole.
(a)
(g) (h) Fig. 11 . Asymmetric and polarization-filtered detection. SHWFS spot patterns using asymmetric illumination and detection with the specimen of 200 nm diameter beads in gelatin: (a) stationary specimen, (b) scanned specimen with time averaging. The bright region in the center corresponds to the specular reflection component. Sensitivity (black) and crosstalk (gray) using a 300 μm diameter pinhole: (c) using symmetric illumination/detection, (d) using asymmetric illumination/detection. SHWFS spot patterns using polarization filtering: (e) stationary specimen, (f) scanned specimen with time averaging. Sensitivity (black) and crosstalk (gray) for: (g) no polarization filtering, (h) polarization filtering.
are known, one can calculate the actual induced aberration. A square sensitivity matrix S is constructed from the elements a ik , and the vectors c actual and c measured represent the actual induced modal coefficients and the measured coefficients, respectively. Assuming S is invertible, we can calculate
The degree to which uncertainty in the elements of S or in the measurements of c measured can affect the calculation of actual induced aberrations is indicated by the condition number of S. The condition number was calculated as
where ‖…‖ represents the 2-norm of the matrix. Condition numbers calculated from the earlier results are compiled in Table 1 . It can be seen that higher condition numbers (corresponding to ill-conditioned coefficient calculations) are seen for the cases for which some modal sensitivities were lower than the modal crosstalk, as shown in the bar charts of the earlier figures. For example, the most extreme case is for the polystyrene beads and the 200 μm pinhole, where κ 2000. Inspection of the data in Figure 7 shows that the crosstalk exceeded the sensitivity for five of the seven modes used.
The condition number provides a concise indicator of the likely reliability of measurements using different sensor and specimen combinations. One possible practical approach would be to estimate the matrix S through a sequence of measurements using the specimen region of interest. The condition number of this estimate would indicate the usefulness of closed-loop correction based upon this matrix. Further inspection of the elements of S could provide information about which subset of modes-those for which measurements are well conditioned-might be effectively measured and corrected. Correction of the remaining modes could be implemented using a complementary method, such as indirect optimization.
In conclusion, the results outlined in this paper illustrate the complexities of direct wavefront sensing using spatially filtered, backscattered light in adaptive scanning laser microscopes. Experimental measurements of mirror-like and point-like specimens has shown clearly that ambiguities can arise with this sensing method. The data show that absolute aberration measurements from complex scattering specimens are also ambiguous. For each of the aberration modes tested, an approximately linear relationship between the induced and detected aberration amplitude was obtained. However, the gradient of this relationship was dependent upon experimental conditions, such as pinhole diameter and scatterer density. It was also observed that the sensitivity to odd-symmetry aberration modes, such as coma, was in general lower than the sensitivity to even modes, such as astigmatism. The use of different illumination and detection apertures and polarization filtering provided improvements in some measurements, but significant benefit of these Fig. 12 . Sensitivity (black) and crosstalk (gray) for Zernike modes 5 to 11 using the C. Elegans specimen with a 600 μm pinhole. Key: s/a, symmetric/asymmetric illumination and detection; p, polarization filtering. Image: Confocal reflection microscope image of the region of the C. Elegans specimen used for the aberration measurements. Key: PS, polystyrene; symm/asymm, symmetric/asymmetric illumination and detection; polar, polarization filtering. The polystyrene beads were 200 nm diameter. The gold beads were 100 nm diameter. The figure column relates to the corresponding figure numbers in this paper.
configurations was not observed. Despite the variation of the sensitivity with specimen structure, the presence of a proportional response to the induced aberration for all modes means that this method of wavefront sensing could be used to provide a suitable feedback signal for a closed-loop correction system.
